Design provisions applicable when shear is transferred across a specific plane are set out in 
INTRODUCTION
Prior to the 1960s, there was no systematic approach to the design of precast concrete connections and bearing details in the U.S. Most textbooks and design handbooks simply showed drawings of typical details, and in some cases, provided rules of thumb for proportioning the reinforcement. A significant breakthrough occurred in the mid-1960s with the publications by Mast 1 and by Birkeland and Birkeland, 2 in which the following philosophy for the design of precast connections and bearing details was proposed:
1. No reliance is to be placed on the tensile strength of concrete; all tensile forces are to be carried by steel reinforcement; 2. It is assumed that due to a variety of unspecified causes such as transportation, handling and erection stresses, and stresses due to shrinkage and temperature effects, cracks occur in the concrete in the most unfavorable locations prior to the application of the design loads; and 3. Reinforcement is to be designed to carry direct tensile forces across the cracks, together with any shear acting along the cracks. Mast 1 and Birkeland and Birkeland 2 proposed that shear could be transferred across the cracks by what they termed "shear friction" between the rough faces of the cracks. They postulated that as the uneven crack faces slide past one another, the projections on the crack faces ride over one another and force the crack faces apart, stretching any reinforcement crossing the crack sufficiently to cause it to yield. The tensile force so developed in the reinforcement is assumed to compress the crack faces together, which results in frictional resistance to sliding along the crack.
By comparing its predictions of shear strength with available shear transfer strength data from tests, Mast 1 and Birkeland and Birkeland 2 showed that this shear friction hypothesis predicted shear resistance along a crack in a conservative manner. Further experimental studies [3] [4] [5] [6] [7] of shear friction were made and were successfully applied in practical design. This led to its codification in the 1977 ACI Building Code, ACI 318-77, 8 and its inclusion in succeeding editions of the Code.
The earlier experimental studies [3] [4] [5] [6] [7] of shear friction were made using concretes with compressive strengths in the range of 3000 to 6000 psi. More recent studies [9] [10] [11] [12] using test specimens made from concretes with compressive strengths of up to 15,000 psi showed that the simple shear friction theory as codified in Section 11.7 of ACI 318-99 13 does not truly represent the behavior of these very-high-strength concretes, and prevents full advantage being taken of the potential shear friction strength of these concretes.
Walraven 9 carried out shear transfer tests using concretes with compressive strengths up to 9000 psi and made a sophisticated analysis of aggregate interlock effects. Based on this study, he proposed an equation for shear transfer strength that was more accurate than the simple shear friction equation, but which he considered too complicated for design use. He therefore provided a design chart based on the equation.
This paper reports a re-appraisal of available shear friction test data and presents simple, modified shear friction equations suitable for use in design. These equations reflect the influence of concrete strength on shear friction strength. They enable full advantage to be taken of the potentially high-shear-friction strengths of very-high-compressive strength concretes over the whole range of values of the shear friction reinforcement yield strength A vf f y. (A vf = area of shear friction reinforcement; f y = yield stress of shear friction reinforcement.) This results in a reduction in the amount and the congestion of reinforcement in precast concrete connections and bearing details.
SHEAR FRICTION AND ACI 318-99
The provisions for design using shear friction contained in Section 11.7.3 in the ACI Building Code, ACI 318-99, 13 are based on the assumption that a crack exists in the shear plane before shear is applied along it. This assumption is in keeping with the application of shear friction in the design of connections and other details in precast concrete construction, as first proposed by Mast 1 and Birkeland and Birkeland. 2 In addition, the shear transfer strength and behavior of initially uncracked and initially cracked reinforced concrete differ significantly, as long as slip occurs along the cracked shear plane. Therefore, when developing design provisions for use in the Code, only data obtained from tests of initially cracked specimens (that is, specimens cracked along the shear plane before the application of shear loading) should be considered.
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In the case of initially uncracked reinforced concrete, short diagonal tension cracks occur across the shear plane, forming diagonal concrete struts. These struts act with the reinforcement crossing the shear plane to form a truss, which resists shear along the shear plane. Failure occurs when the struts fail after yield of the reinforcement. 4 When shear is transferred across a pre-existing crack, slip occurs along the plane of the crack. Shear friction strength is developed by a combination of resistance to the shearing off of projections on the rough crack faces and frictional resistance to slip due to compression between the crack faces. This compression results from tension in the reinforcement caused by separation of the irregular crack faces as they slide over one another. When the crack becomes over-reinforced, the crack faces lock up, that is, they cease to slide over one another. Diagonal tension cracks then form across the original crack, and failure occurs in a manner similar to that which occurs in initially uncracked concrete. At this stage, the shear strength increases with the reinforcement yield strength A vf f y at a much reduced rate.
The shear friction design method set out in Section 11.7.4 of ACI 318-99 13 assumes that the shear resistance V n is directly proportional to the yield strength A vf f y of the shear friction reinforcement crossing the shear plane at right angles. ACI 318-99, Eq. (11-25) is where µ = 1.4 for a crack in monolithic concrete.
This simplified model of behavior does not reflect the true variation of the shear friction strength of a cracked shear plane with the yield strength of the shear friction reinforcement. Initially, the shear strength increases very rapidly with increase in the yield strength of the shear friction reinforcement; however, the rate of increase gradually decreases to a constant value of approximately 0.8. This rate of increase is maintained until the shear plane becomes over-reinforced at a shear V n of approximately 0.3ƒ c ′ A c in the case of normalweight concrete. The shear resistance subsequently increases at a reduced rate as the shear friction reinforcement is increased. The reinforcement V n A vf f y µ = yield strength A vf f y , at which the rate of increase in shear friction strength becomes constant at approximately 0.8, increases with the concrete compressive strength ƒ c ′ .
Because the assumed rate of increase µ of shear friction strength, along with an increase in shear reinforcement yield strength A vf f y in ACI 318-99, Eq. (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) , is greater than the actual rate of increase of 0.8, this equation eventually becomes unconservative. To prevent this from occurring in design, the ACI Code 13 places an upper limit of 0.2ƒ c ′ A c , but not more than 800A c lb, on the value of V n calculated using ACI 318-99, Eq. (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . Hence, the value of 800A c controls in design when ƒ c ′ is greater than 4000 psi. Therefore, if ACI 318-99, Eq. (11-25) is used in design, it is not possible to take advantage of any further increase in shear friction strength that may occur when high-strength concretes are used.
Alternatives to ACI 318-99 Code, Eq. (11-25)
It is proposed that provisions that reflect the actual increase in shear friction strength that result from the use of high-strength concrete may be developed as follows.
When ρ vf f y = A vf f y /A c is greater than the amount at which the unit shear strength v n = V n /A c commences to increase linearly with the value of ρ vf f y , v n can be calculated using
but not greater than
The upper limit corresponds to the point at which the shear plane becomes over-reinforced, that is, the crack locks up and the shear transfer strength increases at a much reduced rate. Test data reviewed later indicate that appropriate values for K 2 and K 3 are 0.3 and 2400 psi for normalweight concrete, and 0.2 and 1200 psi for sand-lightweight concrete and all lightweight concrete.
To evaluate the effect of concrete compressive strength on the value of K 1 , K 1 = [v n -0.8(ρ vf f y )] was plotted against concrete compressive strength ƒ c ′ for 47 test results 3, 6, 7, 10, 11 from initially cracked pushoff specimens made from normalweight concrete, which failed in an under-reinforced manner. (This was assumed to have occurred if v n was less than 0.3ƒ c ′ .) This plot is shown in Fig. 1 . For simplicity, the following expression is proposed for K 1 psi, but not more than 800 psi (
The upper limit corresponds to the fact that in very-highstrength normalweight concretes, tension cracks pass through much of the aggregate, rather than occurring at the paste-aggregate interface as in lower-strength concretes. This results in a smoother crack face than those that occur in the lower-strength concretes, which limits the shear transfer resistance.
An equation similar to Eq. (1) is found in Section R11.7.3 of ACI 318R-99. 13 In R11.7.3, the value of K 1 is assumed to be 400 psi for normalweight concrete, 200 psi for lightweight concrete, and 250 psi for sand-lightweight concrete, for all concrete compressive strengths.
Review of data from tests without additional normal stress acting across the shear plane indicates that the value of ρ vf f y at which Eq. (1) becomes valid increases with concrete strength, and may be taken as K 1 /1.45. 
Fig. 1-K 1 for initially cracked normalweight concrete.
Tests 5 indicate that the effect on shear friction strength of an additional normal stress σ Nx acting across an irregular crack is the same as if the shear friction reinforcement parameter ρ vf f y was changed by an amount equal to the normal stress (compression positive, tension negative). Equation (1) may therefore be restated as follows
but not greater than K 2 f c ′ nor K 3 psi where K 1 = 0.1ƒ c ′ , but not more than 800 psi; K 2 = 0.3; K 3 = 2400 psi; and (ρ vf f y + σ Nx ) is not less than K 1 /1.45. Equation (3) is equivalent to design Eq. 6 that is proposed in a following section. For (ρ vf f y + σ Nx ) less than K 1 /1.45 psi, insufficient data exists to define closely the relationship between v n and (ρ vf f y + σ Nx ). Because the actual relationship corresponds to a convex upward curve from the origin to the point at which Eq. (3) becomes valid, use of a linear relationship is conservative. This is represented by the following equation
This corresponds to Eq. 7, which is proposed in a following section. Specimen 3.1 of Hofbeck, Ibrahim, and Mattock 3 had ρ vf f y = 49 psi and v u (test) of 240 psi. Equation (4) yields a value of v u (calc) of 110 psi, which is conservative. Specimen 210204 of Walraven, Frénay, and Pruijssers 11 had ρ vf f y = 154 psi and a v u (test) of 467 psi. Equation (4) yields a value of v n (calc) of 347 psi, which is also conservative. Equation (4) therefore appears to be reasonable and is also less conservative than ACI 318-99, Eq. (11-25).
In Fig. 2 , Eq. (3) and (4) are compared with test data 3, 7, 10 from four series of pushoff specimens with concrete compressive strengths of 2500, 4000, 6000, and 14,360 psi, respectively. It can be seen that the equations reflect the trends in the experimental data very closely. Table 1 , Eq. (3) and (4) are used to calculate the shear strength v n (calc) of 82 pushoff specimens 3-6,10,11 subject to monotonically increasing load to failure, for which the concrete compressive strength ƒ c ′ varied between 2453 and 14,358 psi. Nine of the specimens had tension or compression acting across the shear plane in addition to shear acting along the shear plane. The average value of the ratio of the test strength v n to the calculated strength v n (calc), is 1.066, and the standard deviation is 0.120. Sixteen of the test specimens had ultimate shear strengths v n greater than 0.3ƒ c ′ , and are considered to have experienced over-reinforced failures. The variation of v n /v n (calc) with the concrete compressive strength ƒ c ′ is shown in Fig. 3 .
In Table 2 , Eq. (3) is used to calculate the shear strength of 16 pushoff specimens 11 that had been subjected to cyclic loading from zero to between 46 and 66% of their static ultimate strength before being loaded monotonically to failure. The concrete compressive strengths varied between 5560 and 9288 psi. The average ratio of test to calculated shear strength for this series is 1.115, and the standard deviation is 0.115.
In Table 3 , Eq. (3) is used to calculate the shear strength of 16 pushoff specimens 11 that had been subjected to sustained shear loads of between 40 and 82% of their static ultimate strength before being loaded monotonically to failure. The concrete compressive strengths varied between 6724 and 9902 psi. The average ratio of test to calculated shear strength for this series is 1.295, and the standard deviation is 0.148.
In Table 4 and Fig. 4 , data are shown from tests 6, 12 of 34 initially cracked pushoff specimens made from sand-lightweight concrete with compressive strengths ranging from 2230 to 10,745 psi. These are compared with the strengths calculated using Eq. (3) and (4), using values of 250 psi for K 1 , 0.2 for K 2 , and 1200 psi for K 3 . It can be seen that it is appropriate to use the single value of 250 psi for K 1 regardless of the compressive strength of the concrete. This is due to the fact that in lightweight concretes of all strengths, cracks pass through the aggregate, producing a relatively The reason for the adoption of an upper limit for the shear transfer strength of sand-lightweight concrete of 0.2ƒ c ′ , but not more than 1200 psi, can readily be seen in Fig. 4 .
The overall average of the ratio of the test strength to the calculated strength is 1.014, with a standard deviation of 0.186. The reason for the low values of strength of the specimens of Series LWC1 and LWC2 with reinforcement parameters ρ vf f y of 280 psi is not known. The strengths of these specimens made of 8500 psi concrete is exceeded by that of specimens made of much lower-strength concrete.
In Table 5 and Fig. 5 , test data 6 are shown from 14 initially cracked pushoff specimens made from all lightweight concrete. These data are compared with the shear friction strength calculated using Eq. (3) and (4), and the proposed values of K 1 = 200 psi; K 2 = 0.2; and K 3 = 1200 psi. The average value of the test strength to the calculated strength is 1.104, and the standard deviation is 0.106. Test data 7 from 11 initially cracked, normalweight concrete composite specimens with the interface deliberately roughened in accordance with Section 11.7.9 of ACI 318-99 13 are compared in Table 6 and Fig. 6 . The shear friction strength is calculated using Eq. (3) and (4), and the proposed values of K 1 = 400 psi; K 2 = 0.3; and K 3 = 2400 psi. It can be seen that when concretes of two different strengths are joined at the interface, it is appropriate to use the compressive strength of the lowerstrength concrete when calculating K 3 ƒ c ′ . The average value of test strength to calculated strength is 1.07, and the standard deviation is 0.084. In Fig. 7 , data are shown for 12 composite pushoff specimens 7 made of normalweight concrete that had a smooth interface. In the six specimens of Series C, trouble was taken to obtain good bond between the two concretes, then, before testing, the shear plane was cracked so as to produce a crack width of 0.01 in. In the six specimens of Series H, a bond breaker was used to prevent bond between the two concretes, but no crack was formed in the shear plane before testing. It can be seen that for a smooth interface that is initially cracked, or over which bond is broken, the shear resistance along the shear plane is equal to the shear yield strength of the shear friction reinforcement crossing the shear plane at right angles. No true shear friction action can be developed if there is no roughness of the crack faces. In this case, additional normal stress acting across the shear plane will not increase the shear transfer strength. The trend of the data at high values of ρ vf f y indicate that 800 psi is a reasonable absolute upper limit for the shear transfer strength in this case, because the concretes used in the specimens had strengths of about 6000 psi. For lower-concrete strengths, 0.2ƒ c ′ would be a reasonable upper limit for shear strength. It can be seen in Fig. 7 that the unit shear strength v n may be expressed as but not more than 0.2 f c ′ nor 800 psi (5) In Table 7 , a comparison is made between the test strengths v n and the strengths v n (calc) calculated using Eq. (5) No additional data is available for the case of concrete anchored to clean, unpainted, as-rolled structural steel by headed studs or by reinforcing bars, so it is proposed that the present Code 13 provisions be continued for this case. In this case also, an additional normal stress acting across the shear plane will not increase the shear transfer strength.
DESIGN PROPOSALS
Current design procedures for shear friction in ACI 318-99 13 tend to be conservative for high-strength concrete. As a simple way to take advantage of the improved shear friction strength in high-strength concrete, it is proposed that Eq. (3), (4) , and (5) be used in design. These equations are expressed as follows in terms of force rather than stress to be consistent with ACI 318-99. 13 1. For shear transfer across cracks in monolithic concrete and across the interface when concrete is placed against hardened concrete with its surface intentionally roughened as specified in 11.7.9 a. When (A vf f y + N x ) is greater than or equal to K 1 A c / 1.45 lb (or V n is greater than or equal to 1.55 where for normalweight monolithic concrete, K 1 = 0.1ƒ c ′ but not more than 800 psi; K 2 = 0.3; and K 3 = 2400 psi. For the case of concrete placed against hardened concrete with its surface intentionally roughened, K 1 = 400 psi; K 2 = 0.3, where ƒ c ′ shall be taken as the lower of the compressive strengths of the two concretes; and K 3 = 2400 psi. For sand-lightweight concrete, K 1 = 250 psi; K 2 = 0.2; and K 3 = 1200 psi. For all lightweight concrete, K 1 = 200 psi; K 2 = 0.2; and K 3 = 1200 psi. N x = permanent normal force acting across the shear plane, positive if compression, and negative if tension.
2. For concrete placed against hardened concrete not intentionally roughened (8) but not more than 0.2A c f c ′ nor 800A c lb 3. For concrete anchored to clean, unpainted, as-rolled structural steel by headed studs or by reinforcing bars (9) but not more than 0.2A c f c ′ nor 800A c lb where λ is as defined in ACI 318-99. 
